background: Regulation of decidualization is decisive for proper implantation and the establishment of pregnancy. Recent studies have suggested that several bone morphogenetic proteins (BMPs) play physiological roles in reproduction. In the present study, we examined the expression of BMP7 in the endometrium and the effect of BMP7 on decidualization and proliferation of endometrial stromal cells (ESC).
Introduction
The endometrium undergoes dynamic changes during the menstrual cycle. Proper endometrial changes are essential for successful implantation, and aberrant endometrial status may lead to implantation failure. In addition to ovarian steroids, which have a central role in the regulation of morphological and functional changes to the endometrium, there are many local factors that modulate endometrial status (Kayisli et al., 2004; Dimitriadis et al., 2005) .
Bone morphogenetic proteins (BMPs), together with growth differentiation factors (GDFs), comprise a subfamily of the transforming growth factor-b superfamily. BMPs and GDFs are multifunctional growth factors and their effects have been reported mainly in bone, cartilage, ligament and tendon formation (Francis-West et al., 1999) . However, BMPs and GDFs have also been demonstrated to control cellular proliferation, differentiation and apoptosis in reproductive tissues (Shimasaki et al., 2004) .
Gene expression of BMP2 (Ying and Zhao, 2000) , BMP4 (Ying and Zhao, 2000) , BMP6 (Lyons et al., 1989) , BMP7 (Ozkaynak et al., 1997; Paria et al., 2001) , GDF9 (Fitzpatrick et al., 1998) and GDF10 (Zhao et al., 1999) has been reported in the mouse uterus. These BMPs are expressed in a different spatiotemporal pattern and are thus speculated to have specific functions in the uterus. Mice deficient in ALK6, the receptor for these BMPs, have an abnormal endometrium and are infertile (Yi et al., 2001) . A recent study has further demonstrated the presence of BMP2, BMP4, BMP7, GDF5, GDF8 and GDF11 in the human endometrium (Stoikos et al., 2008) . BMP7 is unique among these BMPs in that its mRNA is lost from the uterine epithelium shortly after implantation in mice (Ozkaynak et al., 1997) . In the human, gene expression of BMP7 has been reported in cultured endometrial stromal cells (ESC), with the expression level not being changed by cAMP-induced decidualization (Stoikos et al., 2008) . In addition, immunostaining of human biopsied specimens have shown that BMP7 can be detected in highly decidualized cells with a vesicle staining pattern but not in first trimester deciduas (Stoikos et al., 2008) .
Although these findings imply a functional role for BMP7 in endometrial physiology, to date there have been no studies examining the effects of BMP7 on the endometrium. To determine the possible roles of BMP7 in the human endometrium, in the present study, we first examined the gene expression of BMP7 in the endometrium. We then studied the effects of BMP7 on decidualization of ESC, measuring insulin-like growth factor binding protein 1 (IGFBP1) as a marker of decidualization (Harada et al., 2006) . We also examined the effects of BMP7 on proliferation of ESC.
Materials and Methods

Patients and samples
Endometrial tissue was obtained from 39 women, either by curettage under sterile conditions or from women undergoing hysterectomy for benign gynecologic disease. The mean (+SD) age of the women was 37.8 + 8.2 years. All women had regular menstrual cycles and none had received hormonal treatment within the 6 months prior to surgery. The specimens were dated according to the women's menstrual history. In order to avoid contamination with trophoblast cells, decidual tissues were collected from five women with ectopic pregnancy but without uterine bleeding, by dilation and curettage according to previous studies (Koga et al., 2001; Hirota et al., 2005) . The experimental procedures were approved by the institutional review board of the University of Tokyo, and all women provided written informed consent for the use of their endometrial tissue.
Isolation and culture of human ESC
ESC were isolated and cultured as described previously (Koga et al., 2001; Yoshino et al., 2003) . Fresh endometrial biopsy specimens collected in sterile medium were rinsed to remove blood cells. Tissues were minced into small pieces and incubated in DMEM/F-12 containing type I collagenase (0.25%; Sigma, St Louis, MO, USA) and deoxynuclease I (15 U/ml; Takara, Tokyo, Japan) for 60 min at 378C. The resulting dispersed endometrial cells were separated by filtration through a 40-mm nylon cell strainer (Becton Dickinson, Franklin Lakes, NJ, USA). Any intact endometrial epithelial glands that remained were retained by the strainer, whereas dispersed ESC passed through the strainer into the filtrate. ESC in the filtrate were collected by centrifugation at 250g and resuspended in phenol red-free DMEM/F-12 containing 5% charcoal-stripped fetal bovine serum (FBS), 100 U/ml penicillin, 0.1 mg/ml streptomycin and 0.25 mg/ ml amphotericin B. The ESC were seeded in a 100-mm culture plate and kept at 378C in a humidified atmosphere of 5%CO 2 295% air. At the first passage, cells were plated at a density of 1 Â 10 5 cells/ml into 12-or 96-well culture plates (Becton Dickinson) and used for further treatments.
Treatment of ESC
To determine the effects of estrogen and progesterone on the gene expression of BMP7 in ESC, ESC were treated with 2.5% charcoal/ dextran-treated (stripped) FBS (HyClone, Logan, UT, USA) in the presence of estradiol (10 ng/ml) or progesterone (100 ng/ml) for 6, 12 and 24 h. To examine the effect of BMP7 on decidualization, in vitro decidualization was achieved as described previously (Koga et al., 2001) . Briefly, after cells had reached 70% confluence in 12-well culture plates, they were rinsed and treated with 2.5% charcoal/dextran-treated (stripped) FBS in the presence of estradiol (10 ng/ml) plus progesterone (100 ng/ ml) or 0.1% ethanol vehicle (control) for 12 days. BMP7 (0, 10 or 100 ng/ml; R&D Systems, Minneapolis, MN, USA) was also added to the culture medium. Culture media were collected and replenished every 3 days.
RNA extraction, reverse transcription and real-time quantitative PCR
Total RNA was extracted from endometrial tissues and ESC using an RNeasy Mini Kit (Qiagen, Hilden, Germany). After reverse transcription, real-time quantitative PCR and data analysis were performed using a LightCycler (Roche Diagnostic, Mannheim, Germany), as reported previously (Harada et al., 2006) . Expression of BMP7 and IGFBP1 mRNA was normalized for RNA loading for each sample using human glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Toyobo) mRNA as an internal standard. The BMP7 prrimers chosen (sense: 5 0 -GCCTACTACTGTGA GGGGGAG -3 0 ; antisense: 5 0 -GAAGTAGAGGACGGAGATGGC-3 0 ) amplified a 163-bp fragment. The IGFBP1 primers chosen (sense: 5 0 -GA GAGCACGGAGATAACTGAGG-3 0 ; antisense: 5 0 -TTGGTGACATGGA GAGCCTTCG-3 0 ) amplified a 131-bp fragment. The PCR conditions were as follows: for BMP7, 40 cycles of: 958C for 10 s, 648C for 10 s and 728C for 4 s; for IGFBP1, 40 cycles of: 958C for 10 s, 678C for 10 s and 728C for 5 s; for GAPDH, 30 cycles of: 958C for 10 s, 648C for 10 s, 728C for 18 s. All PCR conditions were followed by melting curve analysis.
Measurement of IGFBP1 protein
Concentrations of IGFBP1 in the conditioned media were determined using a specific ELISA kit (R&D Systems, Minneapolis, MN, USA). The limit of sensitivity of the kit was 31.3 pg/ml. The concentrations measured were normalized against the total protein of cell lysates from each well of the culture plates.
5-Bromo-2
0 -deoxyuridine proliferation assay
The bromodeoxyuridine (BrdU) proliferation assay was performed as described previously (OuYang et al., 2008) using the Biotrak Cell Proliferation ELISA System (Amersham Biosciences, Piscataway, NJ, USA) according to the manufacturer's instructions. Briefly, after incubation of ESC in serum-free medium for 24 h in 96-well plates, cells were treated for a further 24 h with serum-free medium containing either BMP7 (0, 10, 100 ng/ml) or 20% charcoal-stripped FBS as a positive control. After the 24 h incubation, 100 ml BrdU solution was added and cells were incubated at 378C for an additional 2 h.
Statistical analysis
Expression of BMP7 mRNA in endometrial tissues was analyzed by the Kruskal -Wallis test, whereas other data were analyzed by ANOVA. Both tests were followed by post hoc analysis for multiple comparisons. P , 0.05 was considered significant.
Results
Expression of BMP7 mRNA in endometrial tissue throughout the menstrual cycle and in progesterone-and estradiol-treated ESC
As shown in Fig. 1 , expression of BMP7 mRNA in endometrial tissues was significantly lower in the mid-and late secretory phases and in the decidua compared with expression in the mid-proliferative phase. In cultured ESC, treatment with progesterone, but not estradiol, decreased BMP7 mRNA expression at 12 and 24 h, compared with 0 h, in a time-dependent manner ( Fig. 2A) . Long-term culture of ESC in the presence of progesterone and estradiol remarkably decreased BMP7 mRNA expression on Day 3 and later, and distinctly induced IGFBP1 mRNA expression on Day 12 (Fig. 2B ).
Effect of BMP7 on gene expression and secretion of IGFBP1 from ESC
Treatment with estradiol and progesterone for 12 days induced IGFBP1 mRNA expression in ESC. However, the addition of 10 and 100 ng/ml BMP7 to the culture medium markedly decreased the expression of IGFBP1 mRNA induced by the hormonal treatment in ESC (Fig. 3A) . Figure 3B shows secretion of IGFBP1 protein from ESC, which was induced by estradiol and progesterone treatment on Day 9 and was increased to higher levels on Day 12. The addition of BMP7 to the culture medium markedly reduced IGFBP1 protein secretion, to almost undetectable levels in the presence of 100 ng/ml BMP7.
Effect of BMP7 on ESC proliferation
BMP7 at 10 and 100 ng/ml decreased BrdU incorporation in ESC by 20.5 + 4.1 and 29.9 + 4.2% (mean + SEM of six replicate cultures) of the untreated controls, respectively (both P , 0.05 compared with the control), although 20% charcoal-stripped FBS increased BrdU incorporation by 134.8 + 11.2%. estrogen (10 ng/ml) or progesterone (100 ng/ml) for 24 h. Data are the mean + SEM of combined data from three independent experiments using different ESC from three patients. (B) Expression of BMP7 and IGFBP1 mRNA in ESC. In vitro decidualization of ESC was achieved by culturing ESC in the presence of estrogen (10 ng/ ml) and progesterone (100 ng/ml) for 12 days. Data are the mean + SEM of combined data from three independent experiments using different ESC from three patients. Total RNA isolated from ESC was reverse transcribed and then amplified by real-time PCR using primers for BMP7, IGFBP1 and GAPDH. Values were calculated by subtracting data for signal threshold cycles (Ct) of the internal standard ( Total RNA extracted from endometrial tissues and decidual tissues of ectopic pregnancies was reverse transcribed and then amplified by real-time PCR using primers for BMP7. Values were calculated by subtracting data for signal threshold cycles (Ct) of the internal standard (GAPDH) from Ct values for BMP7. The boxes represent the 25th and 75th percentiles. The median is denoted by the line that bisects the boxes. The whiskers indicate the extent of the data on the 1.5Â interquartile range. *P , 0.05 compared with the MP. EP, early proliferative phase; MP, mid-proliferative phase; LP, late proliferative phase; ES, early secretory phase; MS, mid-secretory phase; LS, late secretory phase. The number of samples is shown in parentheses.
Discussion
In the present study, we demonstrated that gene expression of BMP7 in the endometrium was lower in the mid-and late secretory phases and in early pregnancy than in the mid-proliferative phase. Progesterone, but not estradiol, decreased BMP7 gene expression in ESC, which was significant after 12 h. Long-term incubation with progesterone and estradiol induced IGFBP1 protein secretion from ESC, which was inhibited by BMP7. BMP7 also decreased ESC proliferation.
In parallel with dynamic changes in the endometrium, the expression of many molecules in the endometrium changes spatiotemporally. Because embryos are accepted by the endometrium only during the 'implantation window', which corresponds to the midsecretory phase, those substances for which levels in the endometrium change during the mid-secretory phase may have a role in preparing the receptive endometrium. In this context, the decrease in the gene expression of BMP7 in the mid-secretory phase may contribute to the development of the receptive endometrium.
Decidualization is a process in which remarkable structural and functional changes occur in ESC to prepare an appropriate environment for embryo implantation and maintenance of pregnancy. Decidualization is regulated by the ovarian steroid hormones estradiol and progesterone. In addition, the importance of other factors in the induction of decidualization has been demonstrated recently. For example, we found that mechanical stretch augments decidualization (Harada et al., 2006) , and others have found that paracrine factors are involved in decidualization (Tang et al., 1994; Fazleabas and Strakova, 2002) . The results of the present study, showing that BMP7 suppresses secretion of IGFBP1 protein from decidualizing ESC, suggest that BMP7 may act as an antidecidualization factor in the endometrium.
The antidecidualization activity of BMP7 is in marked contrast with the actions of BMP2, which increases the secretion of IGFBP1 and prolactin, another marker of decidualization, in decidualized ESC (Li et al., 2007; Stoikos et al., 2008) . The expression patterns of BMP2 and BMP7 in the endometrium also appear to be different because in-vitro decidualization increases the expression of BMP2 in ESC (Li et al., 2007) . Thus, as a result of their different spatiotemporal expression, it is possible that the opposing actions of these two BMPs support decidualization and the subsequent establishment of pregnancy. From a therapeutic perspective, therapies targeted for BMP7 and BMP2 could be applicable for the treatment of implantation failure caused by impaired decidualization. Interestingly, the opposing functions of BMP7 and BMP2 have been demonstrated recently in adipogenesis, with BMP7 contributing to the development of brown adipocytes and BMP2 contributing to the development of white adipocytes (Tseng et al., 2008) .
The decrease in BMP7 expression in the decidualized endometrium may also be important for the successful development of the placenta. It has been shown that BMP7 suppresses the production of human chorionic gonadotrophin and progesterone from the trophoblast (Martinovic et al., 1996) . Because these hormones are tremendously important for the maintenance of pregnancy, the presence of BMP7 in the endometrium would be problematic for invading trophoblasts. Therefore, reduced BMP7 expression may be necessary not only for the development of a receptive endometrium, but also for the invading trophoblasts to establish pregnancy.
Progesterone inhibited BMP7 gene expression in ESC. This suggests that the decreased expression of BMP7 in the endometrium from the mid-secretory phase is due to the effects of progesterone. Notably, the inhibition of BMP7 gene expression by progesterone was clearly observed as early as 12 h. In addition, the decrease in BMP7 expression evidently preceded the increase in IGFBP1 expression during decidualization with progesterone and estradiol. This result, however, appears to be inconsistent with the findings by Stoikos et al. (2008) which showed that BMP7 gene expression was not altered by in vitro decidualization with cAMP . This difference may indicate that progesterone is prerequisite for down-regulation of BMP7 expression in the process of decidualization. Collectively, Figure 3 Effects of BMP7 on gene expression and protein secretion of IGFBP1 from ESC. (A) Effects of 10 and 100 ng/ml BMP7 on IGFBP1 mRNA expression in ESC treated with a combination of 10 ng/ml estradiol plus 100 ng/ml progesterone (EP) for 12 days. Total RNA isolated from ESC was reverse transcribed and then amplified by real-time PCR using primers for IGFBP1. Values were calculated by subtracting data for signal threshold cycles (Ct) of the internal standard (GAPDH) from Ct values for IGFBP1. Values are the mean + SEM of four independent experiments using samples from four different patients. *P , 0.05 versus 0 ng/ml. (B) IGFBP1 concentrations in culture media of ESC treated with EP, with or without BMP7 (10 and 100 ng/ml), for 3, 6, 9 and 12 days. IGFBP1 concentrations were determined using a specific ELISA and normalized against the total protein of cell lysates from each well. Data are the mean + SEM of duplicate cultures. *P , 0.05 compared with the respective control on each day. The result is representative of three separate experiments using samples from three different patients.
progesterone may suppress BMP7 gene expression in the early stage to facilitate subsequent decidualization. Another apparently inconsistent finding of Stoikos et al. (2008) was the vesicular staining for BMP7 in decidual cells in mid-late secretory endometrium although staining patterns were not shown in other phases of the menstrual cycle. The decrease in BMP7 gene expression by progesterone might be involved in the change, if any, of intracellular localization of BMP7. Another possible explanation for the inconsistency may be any cross-reactivity of the antibody used in that study. BMP7 appears to stimulate or inhibit proliferation depending on the cell type; for example, BMP7 stimulates proliferation of ovarian granulosa cells (Lee et al., 2001) and Sertoli cells (Puglisi et al., 2004) , but inhibits proliferation of aortic smooth muscle cells (Dorai et al., 2000) , renal mesangial cells (Otani et al., 2007) and prostate cancer cells (Miyazaki et al., 2004) . In the present study, BMP7 inhibited the proliferation of ESC. Thus, the decrease in BMP7 expression in the decidualized endometrium may contribute to the proliferation of decidual cells during pregnancy.
The present study has some limitations. First, the decidual tissues of ectopic pregnancies used in this study have advantages in that they are free from contamination with trophoblast cells, but they may have different characteristics from deciduas of normal pregnancies. Second, we measured mRNA levels but not protein levels of BMP7. Although cellular protein levels shown by immunostaining or immunoblotting are not necessarily proportional to their functional activities, knowledge about them would help our understanding of BMP7 in the endometrium. A further study is warranted regarding this point.
In summary, the results of the present study suggest that progesterone decreases BMP7 expression in the endometrium. The decrease in BMP7 expression may facilitate decidulalization of the endometrium, thus aiding the establishment of pregnancy.
